DEVELOPING TECHNOLOGIES TO
support the representation, distribution, and use of scientific data is a major challenge in computer science. For example, the information explosion in molecular biology has highlighted the difficulties in maintaining scientific models that are consistent-both internally and with the mass of experimental and theoretical data. Figure 1 shows the growth of one of the DNA sequence databases over the last 15 years. Even the most experienced biologists struggle when they try to integrate their own observations with the published literature to build coherent models. For any complex biological phenomenon, the large number of relevant experimental systems and techniques creates a web of biological knowledge with exponential proportions.
Therefore, creating technologies that represent and interpret multiple, diverse data sources and that support collaborative scientific interpretation of these sources is critical. Formal ontologies in scientific subdisciplines hold promise as the principle means for delivering the next generation of resources. Such resources will promote clear communication between human users and will structure data in a manner that allows automated computational assistance.
Most of today's scientific data resources are based on relatively straightforward schemata for which a simple relational database technology, or even a flat-file organization, is appropriate. The Medline database of medical literature (http://www.ncbi.nlm.nih.gov/ PubMed) provides only bibliographic information, with no structured information about the scientific contents that would allow automated processing. The Entrez system crossindexes the Medline database with large biological databases, thus providing more integrated access to data.
The power of structured representations and controlled vocabularies is evident in the few scientific areas for which standardized data templates have become available. For example, the database of DNA sequences, Genbank, contains records describing the key attributes of DNA sequence experiments. 1 Data dictionaries reduce the proliferation of ad hoc entries in such databases, but the uneven quality of the data is widely recognized. Unfortunately, for most scientific experiments reported in the literature, the volume of results has not been sufficient to justify developing the databases. Thus, much critical scientific information is found in figures and tables (and their legends). Humans must read such texts, because natural-language processing (NLP) techniques are not mature enough to accurately extract detailed knowledge. The need to access these results has led us to build a prototype system for delivering heterogeneous data (see the "Other attempts to integrate data" sidebar).
Our work extends the model for how scientific data is published and how scientific databases are constructed and distributed. RiboWeb is an integrated data source for interpreting structural data about the prokaryotic ribosome (see "The ribosome" sidebar). RiboWeb tightly links published models to the primary data sources on which they're based and lets users modify their interpretation of specific scientific data and compute new models from these interpretations on a network-accessible system. This system has a standard set of concepts, attri-
The ribosome
The ribosome is the location of one of the most fantastic processes in biology: the translation of genetic code into the protein molecules that affect the functions of life. All organisms store their genetic information in DNA, which is a linear string with an alphabet of four letters. This linear string encodes the information required to make protein molecules, which fold into 3D objects capable of performing the key activities of life: signal transduction, transport, motion, catalysis of key chemical reactions, and structural support. Proteins are a linear string of subunits drawn from an alphabet of 20 letters. Words of three DNA letters specify these protein subunits, so that a DNA sequence of length 300 specifies a protein length 100. The ribosome is a large molecular complex, with over 57,000 atoms, that uses the DNA genetic code to translate DNA triplets and chemically synthesize proteins. The importance of ribosomal structure and function ranges from the rapid diagnosis of bacterial infections (the ribosome DNA sequence tends to be a fingerprint for organisms) to the action of antibiotics (many antibiotics, such as gentamicin, erythromycin, chloramphenical, and tetracycline, act by fouling up bacterial ribosomes).
Because of the ribosome's size and complexity, its full molecular structure is not known. 1 It is of great interest, however, because understanding its structure can help us learn about its function. This in turn can teach us how to modify, augment, or otherwise engineer the ribosome for industrial and medical purposes. Extensive literature developed over the last 30 years contains structural measurements that researchers might use to determine the ribosome's structural properties. This data is so heterogeneous and expansive, however, that few scientists can keep abreast of it. 
Other integrated scientific resources
Researchers have tried to deliver scientific data in a more integrated fashion to scientific communities. Indeed, the World Wide Web emerged from a need at CERN (the European Laboratory for Particle Physics) for easy interchange of data, graphics, and text. HTML, however, is a syntax for markup of hypertext documents, and is not geared toward detailed representations of the semantics of scientific models and data.
The Flybase project attempts to provide an integrated one-stop shopping environment for scientific data related to the genetics of the important experimental animal drosophila (the fruit fly). 1 Flybase contains multiple, interlinked databases; a controlled terminology; and a forum for formally and informally publishing data. Flybase does not explicitly use ontologies, but it is based on an implicit ontology.
The Ion Channel Network is a comprehensive database of information about the structure, function, and genetics of membrane channels in cells that allows integrated, distributed access to data. 2 The ICN focuses on the challenges of distributing information over the Web and providing highly cross-linked access. Again, the ontology is implicit, because it is hard-coded in the links between information resources.
The Worm Community project is an electronic community created for encoding both formal and informal knowledge and their interrelationships. 3 The Worm Community's application domain is the nematode worm C. elegans, for which a large body of genetic, biochemical, and molecular biological information is available. This work combines data, results, literature, news, and hypertext to support the electronic community. This work is remarkable because it was originally formulated before the Web's emergence, yet it anticipated many issues now studied in Web-based collaborative environments.
The Cell Signaling Network Database is a comprehensive database of information on how cells communicate (http://geo.nihs.go.jp/csndb. html). 4 Although the CSNDB uses a database approach, it has developed a schema of knowledge that amounts to a domain ontology.
RiboWeb is similar to both the Worm Community and the CSNDB, but focuses more on representing published scientific literature at a fine grain of detail. We want to build general-purpose ontologies to support collaborative scientific data distribution and analysis. In addition, we have created an ontology for the computational analysis of scientific data, to provide an integrated environment for analyzing complex data.
The EcoCyc knowledge base of metabolism and metabolic pathways is based on an ontology and has links to the relevant literature. 5 It is an important example of the successful use of knowledge base technology to deliver intricate biological information. EcoCyc differs from our work in that the information represented is more highly processed and synthesized from the literature. So, in EcoCyc, the direct relationship between primary data sources and information is not transparent.
butes, relations, and default reasoning about the data. Ontologies provide a language for specifying these semantics.
How RiboWeb works
Because ribosomal scientists are distributed worldwide, the resource must be available over the Internet. Figure 2 shows RiboWeb's overall structure. Individual clients interact with the session manager and the interface manager, which implement a read-evaluate-write loop. This loop
• determines the computational module of interest to the user, • retrieves the relevant data required for the computation from the knowledge base, • retrieves information about the computational module from the knowledge base, • executes the module, and • stores the results.
The computational modules perform a range of activities, including browsing the knowledge base, selecting published data, computing a new 3D model using the selected data, comparing a 3D model with data, or looking for inconsistencies in reported data.
Multiple clients can communicate with the interface generator to perform computations or browse the knowledge base. In the current implementation, the interface generator runs in Perl. Computational modules run on a Unix workstation in C, C++, Perl, or Lisp. The knowledge base is implemented in the Sophia system (see "Ontologies in RiboWeb"), and most communication is done via HTTP. The knowledge base, the computational modules, the session manager, and the interface generator may each be on a different computer.
Ontologies in RiboWeb
For our work, the key features of ontologies are
• a hierarchical, taxonomic organization of concepts from general to specialized; • a list of the key attributes associated with each concept, along with restrictions on the type of those attributes, and default values where appropriate; and • allowed relations between concepts to link the ontology using nontaxonomic connections.
The concepts and relations constitute our system's ontology. We create leaf instances of concepts, with values for attributes; the union of the ontology and the instances constitutes the knowledge base. We adopted the Ontolingua knowledge model, as specified in the OKBC (Open Knowledge Base Connectivity) language. 2, 3 Our system supports inheritance but does not use automatic deduction or constraints except for superclass and subclass relationships. RiboWeb extensively uses ontologies as the schemata of its knowledge bases. It employs four principle ontologies:
The physical-thing ontology is a specification of the ribosome's molecular components and cofactors, and specifies the objects and relations critical for representing data about ribosomal structure.
The data ontology specifies the types of data that are gathered from biological experiments. We consider an interaction between ontologies to occur when a relation exists between classes or instances in the two ontologies or, equivalently, when the attributes of instances in one ontology have values whose type is constrained to be an instance in the other ontology. Using this definition, the data and molecule ontologies interact heavily, because the data ontology's attributes are often constrained to be instances from the physical-thing ontology.
The reference ontology specifies the publication types, including the level of peer review.
The methods ontology specifies the types of actions RiboWeb can perform and declares the key attributes required to execute these actions.
Besides these ontologies, RiboWeb also uses standard database technology to maintain straightforward information about users, passwords, privileges, sessions, and the association between results generated and the computational modules used to generate them. Figure 3 shows the principal ways that the ontologies interact. We developed our ontologies using the Ontolingua Web-based tool, which provides an environment for modeling in a Webaccessible, platform-independent manner. 2 Ontolingua requires special software. Therefore, to guarantee RiboWeb's accessibility and performance to our fellow biologists, we created Sophia, a system that provides basic knowledge base read/write functionalities using the Access97 database system. Access97 is part of Microsoft Office 97. Sophia represents a knowledge base by mapping concepts, slots, facets, and values to a relational schema. Sophia also provides specially constructed SQL queries for data retrieval and deposition. Finally, Sophia uses a URL mechanism for communication, which makes it quite useful and portable. (For more information on Sophia, see "Sophia: A Flexible, Web-Based Knowledge Server," on pp. 79-85 of the July/Aug. Intelligent Systems).
We have tried to identify all published articles reporting primary experimental data relevant to the structure of the 30S ribosomal subunit and have represented them in the current version of RiboWeb. We have also developed techniques for scanning the literature to identify new papers. 4 The RiboWeb knowledge base currently has about 200 concepts and 200 relations. There are more than 15,000 instances, of which more than 8,500 are instances of primary experimental data. The physical-thing ontology. This ontology creates "partonomies" to indicate decomposition hierarchies in a semantically clean manner. The three main subclasses in the ontology are molecules, molecularensembles, and molecular-parts. We have maintained relatively simple semantics for these distinctions so that they are intuitive to biologists.
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Molecules are collections of atoms that are covalently linked and, thus, can be drawn as a set of atoms with connecting bonds between them. The existence or absence of a covalent bond is a well-defined, useful distinction. Our system subsequently divides molecules into biological macromolecules (proteins, RNA, and DNA) and small molecules (cofactors, vitamins, and some individually stable atoms) in a way that generally mirrors the standard understanding of biologists.
Molecular-ensembles are collections of molecules (or other molecular-ensembles) that are not covalently linked but exist in a relatively tight association. Clearly, this distinction is not as robust as the covalent bond; however, it lets us model molecular complexes that are not covalently bound but that associate tightly. Interestingly, some weak, noncovalent bonds-including ionic bonds, hydrogen bonds, and hydrophobic interactions-also occur in molecularensembles. Thus, the distinction between molecular-ensembles and molecules has a physical basis that is reasonably welldefined. Molecules (and other molecular-ensembles) can be part of molecular-ensembles, and all inferencing about standard physical composition uses this relationship. For example, if a molecularensemble is used in an experiment, then the molecules that are part-of that ensemble are also present.
Molecular-parts represent a versatile, but problematic, concept in the physicalthing ontology. Biologists recognize divisions of molecules and molecular ensembles that have no clear physical basis but that are useful for cognitive reasons and that correspond in some way to a notion of "part." These include fuzzy labels of regions of a molecule that has no independent existence but that is a useful tool for communication. For example, the two ends of a linear strand of DNA are called the 5-prime and the 3-prime ends. Taken literally, these names refer to the international chemical name for the atoms at the molecule's ends: the five-prime oxygens and the three-prime oxygens. However, biologists commonly use these terms to refer to the general region at the far ends of the molecule without providing any specific boundaries.
Molecular-parts also include segments that gain their name for serendipitous reasons. For example, the groups of atoms corresponding to the letters of the DNA (or protein) alphabet are often referenced even after they have been linked into a single molecule. Once the covalent links between two chemicals are made, these chemicals lose their identity as individual compounds, yet biologists continue to refer to the atom groupings. For example, a biologist might refer to the 13th base in DNA. In this case, the DNA is considered a sequence of chemical bases, and the atoms belonging to the 13th base are grouped together. Unlike the 5-prime, 3-prime case, these labels are crisp in the sense that the precise atoms being referenced are clear, but they are an artifact of how the molecule was created. The literature contains many references to these classes of labels. Therefore, our ontology includes them and relates them to molecules and molecular-ensembles with the labeled-partof link. The physical-thing ontology represents over 30 molecules, hundreds of ensembles, and thousands of molecular parts.
The data ontology. This ontology formally represents the experiments that can be performed on a molecule or molecularensemble. It specifies the attributes required to capture the results of each possible biological experiment.
This goal has an obvious problem: modeling every experiment in complete detail is extremely difficult. Scientists often report detailed information (for example, about reagents, pH, equipment used, details of timing, or temperature), and we have to make a granularity decision that leads to limitations in our ontology's expressive power. We do not model the details of how experiments are performed (including the identity of all reagents, ionic solutions used, pH, types of instruments, timing, and measurement details), although others have studied these issues. 5 Instead, we attempt to represent the experimental results as other authors would report them. For each experiment, we represent those features that would be in a paper's figures and tables. Typically, this includes the molecules "in the test tube" during the experiment and the measurements made. We have represented over 160 biology papers and have noticed that the appropriate level of detail corresponds to the information in the paper's plots and tables (and their legends). These plots and tables summarize the results without focusing on the experimental details. Thus, our data ontology is essentially a taxonomy of the types of results reported by biological experiments.
The data ontology's organization includes broad headings for the experiments used to study the ribosome. These include Figure 3 . The relationship between ontologies in RiboWeb. The publications portion of the knowledge base holds basic bibliographic information. Through reports and inverse reported-by links, this knowledge links to the ribosomal domain knowledge. The methods portion of the knowledge base, which contains information about RiboWeb's analysis capabilities, uses information from the domain knowledge base as input and stores its results in the knowledge base as output.
nature: the making and breaking of chemical bonds, the catalysis of chemical reactions, and the detection of chemical interactions. Biophysical experiments report results gathered based on the molecules' physical properties: their weight, structure, strength, or appearance under microscopy. These categories are further specialized to include particular types of experiments. The computed data subclass is important, because it provides a way for RiboWeb to add new knowledge to the knowledge base.
The data ontology stores the results of computations produced by RiboWeb as concept instances. RiboWeb models 20 key types of biological experiments. These are sufficient to represent the contents of more than 160 articles and more than 8,500 individual observations reported in these articles. Figure 4a shows the main RiboWeb screen. Figure 4b shows an instance of journalarticle from the reference ontology representing the chemical foot-printing data described in this article.
The reference ontology. The way researchers report scientific data is critical for both understanding the data's reliability and allocating scientific credit. A key contribution of RiboWeb is the recognition that associating scientific data with a particular publication must be a central focus for any computational representation of the data. The mode of publication provides information about the level of outside review and validation. Because one of our goals is for RiboWeb to support reasoning about conflicting data, we need to represent this sort of metainformation. Moreover, scientists need to receive credit for publishing data.
In general, a particular piece of primary data is reported once in the literature (unless it is important enough to merit publication of a confirmation, often by another group). Its impact on a field is important for promotion committees, granting agencies, and historians, among others. Thus, RiboWeb captures this connection by requiring that all data represented using the data ontology be linked to an instance from the reference ontology by the reports/reported-by relationship.
The reference ontology provides a generic taxonomy of the modes of publication compatible with standard bibliographic formatting programs (including journal articles, book chapters, conference proceedings, personal communication, unpublished talk, and so on) and their key attributes (authors, publishers, and journals, as Figure 4b shows). The reference ontology also includes the concept of an investigator, and authors are instances of this class. Thus, the reference ontology facilitates queries on the basis of the work of a single investigator. The reference ontology is compatible with the ontol-
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The methods ontology. This ontology is different because it refers to elements of the RiboWeb environment itself, and is not simply a specification of the domain concepts from molecular biology or the published literature. The methods ontology declares and organizes the resource's computational capabilities. A resource's immediate purpose is to support the construction of 3D molecular models from the data and analyze such models with respect to their compatibility with the data. The key organizing principle for the methods ontology is the requirement that all inputs to computational modules be instances of concepts in the domain ontologies (the physical-thing ontology or the data ontology) and that all output of modules be stored as instances in the knowledge base.
We can subclassify computational methods on the basis of the computation's nature, including graphical methods for eliciting user selections, display methods for displaying particular types of data, and transformation methods for transforming data structures. Each of these classes has subclasses based on the types of information elicited, displayed, or transformed. The transformation class of modules has subclasses corresponding to the different ways information can be processed, including
• transcribing: copying results from one source to another, with little interpretation; • filtering: selecting a subset of results from a source (the graphical methods for user elicitation represent a special subclass of filtering); • interpreting: creating a new representation of a datum by applying external knowledge to change the nature of the data; • comparing: performing a join on two lists of data and computing a metric based on the pairwise values; and • synthesizing: combining multiple pieces of data to produce a related, but entirely different, new piece of data.
Each computational module has attributes specifying the input and output types for the module. The methods ontology does not represent the details of these algorithms. With only the information about inputs and outputs, however, the session manager can moderate calls to those modules and explicitly account for information flow in the system. This information is critical for auditing results, reproducing computations, and providing meta-information about the computational processes that can help detect errors or inconsistencies.
An example of the interacting ontologies in RiboWeb. We can illustrate the nature of our ontologies and their interactions with an example from RiboWeb. Consider this scenario:
1. A research group recently published a 3D structural model of the ribosome in a peer-reviewed journal. We add to our knowledge base the manuscript, as well as an instance of a journal article (from the reference ontology) providing basic bibliographic information. We create a link from the journal article to an instance of a structural model (in the data ontology) containing detailed information about both the 3D coordinates and the molecular ensemble (from the physical-thing ontology) that is modeled. 2. An investigator wants to know whether the newly published model is consistent with a set of recently published experimental data. The investigator logs into RiboWeb. Figure 5 shows the initial RiboWeb session screen. Figure 4a shows the RiboWeb environment interface. Figure 4b shows the ontology browser and the RiboWeb record of a journal article (by Harry Noller and Ted Powers in the journal RNA).
3. The investigator invokes a module entitled Interpret-Fe-Radical-Attack-Data to interpret the data into distances that can be compared to the model. The investigator selects the data of interest and specifies parameters to interpret this data. Figure 6 shows the user-input screen for this computational module. Figure 7a shows the RiboWeb instance that records this module's output, including links to the interpreted data and the parameters used. Figure 7b gives an instance of one particular interpretation. Figure 8 shows the original data, as represented in the data ontology. The knowledge base also stores the parameters used to interpret the original data. 4. The investigator chooses the recently published 3D model and extracts the distances that correspond to those measured in the data points selected in steps 2 and 3. The module that interprets models is invoked, and a model is selected. Figure  9a gives the record of extracting the relevant distances from the model. Figure  9b shows the knowledge base instance that results from extracting the distance from the model (subject to some uncertainty parameters provided by the user). 5. With the data selected and interpreted and the corresponding model distances extracted, the investigator can run the computational module that compares distance interpretations to evaluate the compatibility of the data and the model. Figure 10 shows a report summarizing this model's compatibility with a subset of the data. This example, then, shows how the system assesses the compatibility of two scientific papers (subject to some user-specified interpretations). The system uses the reference ontology as an entry point to the data. The data can also be accessed through the links contained in the knowledge base. The session manager uses information about each module in the methods ontology to sequence the modules, provide them with appropriate inputs, and store their outputs. The domain and methods ontologies provide declarative representations that can support relatively sophisticated processing in a modular manner.
Discussion
The RiboWeb knowledge base attempts to represent as much of the direct structural data for the 30S ribosomal subunit as can be identified. The focus on primary observations from natural science protects it from massive changes in scientific paradigms. RiboWeb goes beyond traditional online scientific data resources in a few ways. First, it contains strong semantics for virtually all types of data. This makes data acquisition more stringent, but leads to a semantically powerful data and knowledge store that is amenable to automated computer analysis. Second, RiboWeb uses the scientific literature as the key organizing principle for storing data. We do not need to scrub this knowledge store to gain reliable semantics. Data is always reportedby a publication of some kind, and these publications provide ways to track usage and assign scientific credit in a manner that respects the sociology of science. Third, RiboWeb builds an explicit model of the ways computer programs can manipulate computational data resources. RiboWeb also supports adding analysis functionality to a data store as an integrated part of that data store, and not as an add-on.
Currently, no technology can automatically acquire the knowledge published in scientific literature. The 160 articles represented in RiboWeb have been manually entered into the knowledge base. For this technology to scale appropriately, we must distribute the task of data entry to authors or editors. Fortunately, some technologies can acquire
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IEEE INTELLIGENT SYSTEMS (a) (b) Figure 6 . The user has decided to interpret some Fe-radical-attack data (a type of experiment involving iron and chemical radicals), and is asked to select which data to interpret and to make some decisions about parameters to use in the interpretation. The goal is to take primary biological observations and translate them into physical distance constraints. Here, the user selects three individual observations. instances of knowledge, given the organizing ontology as input. These include both the Protégé system 6 and Ontolingua. We have worked with ribosomal scientists during modeling, and we have developed internal measures to assess our ontology's adequacy. For example, if we create an ontology for a particular type of experiment that appears in only one publication, we might not have captured this experiment's key general features. However, if our ontological modeling can model more than one publication (especially from different research groups), this might indicate that our models are somewhat general.
The structure of our ontologies is constrained by the need to make them intuitive to the users. For the physical-thing ontology, therefore, we have taken advantage of various levels of molecular interactions (covalent bonds and noncovalent bonds) to distinguish between classes. We have also accommodated the use of concepts that create alternate labels for parts of these molecules. We have facilitated biologists' acceptance of our resource by organizing the experimental world into categories that they find meaningful.
The distinction between public and private data is critical in RiboWeb, and will most certainly form an important element in any online scientific data resource. Scientists are protective of their data and do not want it made available before they have a chance to fully analyze and extract its lessons. Every computational module output is, by default, readable only by the user who creates it. A user can change the protection codes to make it readable by a few colleagues or by the world. The public portion of RiboWeb is available at www.smi.stanford.edu/projects/ helix/riboweb/kb-pub.html.
The RiboWeb knowledge base certainly contains information that is incompatible or incorrect-just as the published scientific literature does. We use two principles in building the system. The first is that the knowledge in our resource should be represented from the perspective of the authors of the information on the day the paper is published. That is, the information reported in a paper is represented as if it were correct, without consideration of possible future disproofs.
The second principle is that all published information should be made public in a read-only manner and cannot be modified after entry (except for typographical or clerical errors). RiboWeb stores the information as published and does not purport to be a SEPTEMBER/OCTOBER 1999 75 self-consistent collection of knowledge. If a particular set of data is erroneous, computational modules for testing consistency should discover discrepancies and let the user draw conclusions about which studies are mutually consistent. If the data is not compatible with the model, there are at least three possibilities: the data is erroneous, the interpretation is incorrect, or the model is wrong. The individual investigator can make this judgment.
OUR ABILITY TO GENERATE LARGE
amounts of scientific data demands technologies to represent the semantics of this data. Ontological modeling provides a flexible set of tools and concepts. By combining ontologies for reference information and computational modules with domain-specific ontologies, we have produced an effective model for organizing, delivering, retrieving, and analyzing complex scientific data. The chief remaining challenges include developing
• core ontologies at high levels of abstraction that provide reasonable starting points for ontologies in various scientific disciplines, • ways to help scientists report scientific data using standard templates derived from the domain ontologies, • methods for recognizing deficiencies in existing ontologies and for letting them be updated as new types of experiments and new domain concepts become available, • ways to combine and translate ontologies from related scientific domains as they converge onto the same issues, and • methods to disseminate ontologies and their associated knowledge bases on a large scale, so that we can more quickly mine the contents of our scientific databases and create new scientific knowledge. Figure 10 . RiboWeb displays a table summarizing the data's compatibility (as interpreted by the user) with the model. The table contains columns for the two objects involved in the constraint, the distance in the 3D model, the uncertainty in the model (delta), the minimum and maximum distances compatible with the data, and whether there is overlap between the model (considering the delta) and the range of distances derived from the data. The system provides links directly to the data for further inspection.
